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NBC1Na+-coupled HCO3
− transporters (NCBTs) of the SLC4 family play critical roles in pH regulation as well as
transepithelial HCO3− transport. We systematically examined, in the mouse reproductive tract tissues, the
mRNA expression of ﬁve NCBTs as well as the ﬁve NBCe1 (Slc4a4) variants NBCe1-A through -E, of which
NBCe1-D and NBCe1-E are novel. Cloning of NBCe1-D and NBCe1-E, both lacking a 27-nucleotide cassette I,
reveals a novel alternative splicing unit in the mouse Slc4a4 gene. Transcripts of Slc4a4 lacking cassette I are
expressed in diverse murine tissues as shown by RT-PCR analysis and in diverse tissues of other vertebrate
species as shown by blast against GenBank database. Genomic sequence analysis indicates that cassette I of
SLC4A4 is conserved in all NCBT genes except for SLC4A5, which presumably lost cassette I during its evolution.
Our present study represents an important step towards understanding the molecular physiology of NBCe1,
and presumably other NCBTs.l Sciences, Key Laboratory of
hong University of Science &
37 Luoyu Rd., Wuhan, Hubei
. Chen).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.1. Introduction
Modulation of bicarbonate concentration [HCO3−] and pH in the
luminal ﬂuid of the reproductive tract is critical for the whole process
of mammalian reproduction, including spermatogenesis in the male
reproductive tract as well as sperm capacitation and fertilization in
the female reproductive tract (for reviews, see refs. [11,36]).
Considerable transepithelial transport of acid/base equivalents occurs
during the transit of sperm in the male reproductive tract. By
micropuncture study, Levine and Marsh showed that the luminal
[HCO3−] decreases substantially from ~20 mM in seminiferous tubules
to ~2.7 mM in caput epididymides, and then gradually rises to
~6.7 mM in cauda epididymides and vas deferens [27]. The relatively
acidic pH and low [HCO3−] in luminal ﬂuid are essential to render
spermatozoa quiescent in the epididymides (for review, see ref. [36]).
After ejaculation, sperm have to undergo an activation process,
known as capacitation, to become competent to fertilize eggs. It is well
established that HCO3− is one of the essential factors for sperm
capacitation. In the female reproductive tract, HCO3− enters into
sperm to activate the sperm soluble adenyl cyclase, which in turn
increases the level of intracellular cAMP [12]. [HCO3−] in luminal ﬂuidof the female reproductive tract can be up to 2- to 4-fold higher than
that in blood plasma [33,45], indicating that the uterine endometrial
epithelia can perform substantial HCO3− secretion.
Given the signiﬁcance of pH andHCO3− inmammalian reproduction,
it is critically important to understand the molecular mechanisms of
HCO3− transport by epithelial cells in male/female reproductive tracts.
The molecular entities of the transporters involved in HCO3− transe-
pithelialmovement in the reproductive tract largely remainunclear. The
ﬁve Na-coupled HCO3− transporters (NCBTs) of the solute carrier 4
(SLC4) family are a major class of carriers for HCO3− transport and play
critical roles in pH regulation aswell asHCO3− transepithelialmovement
(for review, see ref. [5]). The NCBTs include (a) two electrogenic
members NBCe1 (SLC4A4) and NBCe2 (SLC4A5), and (b) three
electroneutral members NBCn1 (SLC4A7), NBCn2 (SLC4A10, aka
NCBE), as well as a Na+-driven Cl−/HCO3− exchanger NDCBE (SLC4A8).
Virtually all NCBT genes are capable of producing multiple variants
due to alternative splicing or transcription using distinct promoters. For
example, the SLC4A4 gene has (a) two distinct promoters [1], which
permit the gene to encode two types of amino-termini (Nt), and (b) one
known alternative splicing unit, i.e., exon 24, which permits the gene to
encode two types of carboxyl termini (Ct) [2]. Based upon these two
known variations, the SLC4A4 gene can produce up to four variants. So
far, three NBCe1 variants—NBCe1-A, -B, and -C—have been identiﬁed
from human and rodents. NBCe1-A has a unique short Nt, whereas
NBCe1-B/C have a long Nt. NBCe1-A/B have a short Ct due to the
presence of exon 24which contains a stop codon, whereas NBCe1-C has
a unique long Ct due to the absence of exon 24 (see review [5]).
In the present study, we systemically examined—by reverse
transcription polymerase chain reaction (RT-PCR)—the expression of
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Fig. 1. RT-PCR analysis of gene expression in mouse reproductive tract. Expression of
Slc4a4, Slc4a5, Slc4a7, Slc4a8, Slc4a10, and Actb encoding beta actin are examined by RT-
PCR using primers shown in Supplemental Table 1. We performed RT-PCR in the
invariable regions of the transmembrane domains of NCBTs. For Slc4a7 and Actb, a
single round RT-PCR was performed, whereas for Slc4a4, Slc4a5, Slc4a8, and Slc4a10,
nested RT-PCR was performed. H2O was substituted for cDNA as template in all
controls.
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examined the expression and distribution of NBCe1 variants in the
tissues of female as well as male mice. We identiﬁed two novel NBCe1
variants, i.e., NBCe1-D and NBCe1-E, both of which lack a 9 amino-acid
cassette, designated as cassette I, in the Nt of NBCe1. The evolution of
cassette I in other NCBT genes is examined by genomic DNA analysis.
2. Methods
2.1. Tissue collection and RNA preparation
Adult C57BL/6J mice were purchased from the Animal Center at
Wuhan University (Wuhan, Hubei Province, China). All procedures
involving the use of mice have been approved by the Committee on
Research Animal Care at Huazhong University of Science and
Technology. Every effort was made to minimize the number and
sufferings of animals used in our experiments. Tissues were collected,
immediately frozen in liquid nitrogen, and then were stored at
−80 °C until being used for RNA preparation. The tissues of ovary,
uterus, and vagina were collected from female mice, and the tissues of
testis, epididymis—which includes the caput, corpus, and cauda—and
vas deferens were collected from male mice.
Total RNA was prepared with TRIzol® reagent (Invitrogen, Carlsbad,
CA, USA) following the manufacturer's instructions. Brieﬂy, about 100–
200 mg tissues from 2–4 mice were pooled, placed in 2 ml of TRIzol®
reagent in a glass homogenizer, and then homogenized immediately.
The homogenate was then centrifuged at 12,000 ×g 5 min at 4 °C. The
aqueous phase was transferred into a clean tube, extracted by adding
chloroform, and then centrifuged at 12,000 ×g 15min at 4 °C. The
resultant aqueous phasewas saved andmixedwith isopropyl alcohol to
precipitate RNA. The RNA was collected by centrifugation at
7500 ×g 5 min at 4 °C. The pellet was washed once with 75% enthanol,
air-dried, and then stored at−80 °C until use.
Two-microgram total RNA was used to synthesize cDNA using
Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase
(Invitrogen). RT-PCR was performed to analyze the expression of
mRNA of selected genes.
2.2. RT-PCR and cDNA cloning
2.2.1. RT-PCR analysis for the mRNA of NCBTs or Actb
The mRNAs of Slc4a4, Slc4a5, Slc4a8, and Slc4a10were analyzed by
nested RT-PCR, whereas the mRNAs of Slc4a7 and Actb encoding beta
actin were analyzed by a single round of RT-PCR. Primers for RT-PCR
analysis are summarized in Supplemental Table 1. PCR was performed
with Taq DNA polymerase (Cat# ET101, TIANGEN Biotech Co., Ltd.,
Beijing, China). Unless otherwise speciﬁed, cycling parameters for all
PCR reactions were 30 s at 94 °C, 30 s at 55 °C, 40 s at 72 °C for 30
cycles for NCBTs, and 24 cycles for Actb. All PCR products were
subjected to DNA sequencing analysis.
2.2.2. RT-PCR analysis for Nt of the variants of NBCe1
To examine the NBCe1 (Slc4a4) variants expressed in the mouse
reproductive tract tissues, we ﬁrst performed RT-PCR using primers
(Supplemental Table 2) that can distinguish the Nt of NBCe1-A from
that of NBCe1-B and -C. PCRwas performedwith Taq DNA polymerase
(TIANGEN Biotech Co., Ltd.). Cycling parameters for all PCR reactions
were 30 s at 94 °C, 30 s at 55 °C, 40 s at 72 °C for 30 cycles. DNA
products of RT-PCR were subjected to sequencing analysis.
2.2.3. Cloning of the full-length cDNA of NBCe1 variants
Todetermine theNBCe1 variants expressed in the reproductive tract
tissues, we performed RT-PCR for full-length cDNA with PrimeSTAR™
HS DNA polymerase (Cat# DR010S, TaKaRa Biotechnology Co., Ltd.,
Dalian, China) using primers summarized in Supplemental Table 2.
Cycling parameters for all PCR reactions were 10 s at 98 °C, 5 s at 60 °C,255 s at72 °C for 30cycles. The PCRproductswere restrictively digested,
and then subcloned into vector pGH19 [44] for colony screening and
DNA sequencing.
2.2.4. Analysis for expression of Slc4a4 transcripts lacking cassette I
To examine whether the transcripts of Slc4a4 lacking cassette I are
expressed inmouse tissues, we performed nested RT-PCRusing primers
(Supplemental Table 3) ﬂanking cassette I. The PCR was performed
using Taq DNA polymerase (TIANGEN Biotech Co., Ltd.) with cycling
parameters: 30 s at 94 °C, 30 s at 55 °C, 40 s at 72 °C for 30 cycles.
Unless speciﬁed elsewhere, PCR products were analyzed by
agarose gel electrophoresis.
3. Results
3.1. Expression of NCBT mRNA in mouse reproductive tract tissues
The known variations in NCBTs are virtually all in the putative
cytosolic Nt or Ct of the transporters (see review [5]). We performed
RT-PCR using primers speciﬁc to the sequences encoding the
invariable regions of the transmembrane domain of each NCBT.
Fig. 1 shows the RT-PCR results for Slc4a4, Slc4a5, Slc4a7, Slc4a8,
Slc4a10, and Actb in female and male reproductive tract tissues,
including the ovary, uterus, and vagina of the female mice, as well as
the testis, epididymis, and vas deferens of the male mice. The results
indicate that the mRNAs of all ﬁve NCBTs are expressed in all studied
reproductive tract tissues of female and male mice.
3.2. Expression of NBCe1 variants in mouse reproductive tract tissues
As aforementioned in the Introduction, the mammalian Slc4a4
gene contains two distinct promoters that permit the expression of
two different types of Nt. Fig. 2A shows the structure of mouse Slc4a4
gene from exons 1 to 7. Using the primer sets capable of speciﬁcally
detecting the message encoding the short NBCe1-A-like Nt (tran-
scribed starting from exon 4), we obtained by RT-PCR a fragment of
526 bp from the mouse tissues of ovary, uterus, vagina, testis,
epididymis, and vas deferens (Fig. 2B). Using the primer sets capable
of speciﬁcally detecting the message encoding the long NBCe1-B/C-
like Nt (transcribed starting from exon 1), we obtained a fragment of
526 bp
659 bp
a b c d
1 2 3 4 5 6 7
9.2 2.0 7.3 11.4 7.8 38.4
200 bp
B
C
A
NBCe1-A-like Nt
NBCe1-B/C-like Nt
Ov
ary
Ute
rus
Va
gin
a
Te
stis
Ep
idid
ym
is
Va
s d
efe
ren
s
Co
ntr
ol
Fig. 2. Examination of expression of NBCe1 variants in mouse reproductive tract.
A.Diagram to showthe structureofmouse Slc4a4gene fromexons1 to7.Arrowsa,b, c, and
d indicate the direction and relative position of primers e1BC-NtF, e1A-NtF, e1-NtR2, and
e1-NtR1 (Supplemental Table 2). The grayboxes represent the coding regions of the exons,
whereas the open boxes represent the untranslated regions (UTR) of exons—including
exons1, part of 2, andpart of 4. The vertical dashed-line in exon 4 indicates the splicing site
in this exon for NBCe1-B/C. The numbers between exons indicate the length (in kb) of
introns. The boxes for exons are presented to scale. B. RT-PCR analysis of Nt portion of
NBCe1 variants in male reproductive tract. C. RT-PCR analysis of Nt portion of NBCe1
variants in female reproductive tract. H2O was used as template in controls.
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epididymis, and vas deferens (Fig. 2C). The results suggest that the
NBCe1-A-like variant as well as NBCe1-B- and/or -C-like variants is
likely to be expressed in the studied mouse reproductive tract tissues.
Finally, we performed RT-PCR for the full-length cDNA of NBCe1
variants from the mouse reproductive tract tissues. Using primer sets
capable of speciﬁcally detecting the mRNA encoding NBCe1-A-like
variants with short Nt, we obtained a DNA product of ~3.5 kb from the
ovary, testis, and epididymis (Fig. 3A). Using primer sets capable of
speciﬁcally detecting the mRNA encoding NBCe1-B/C-like variants
with long Nt, we obtained a DNA product of ~3.5 kb from the ovary,
uterus, vagina of female mouse reproductive tract as well as the testis,
epididymis, and vas deferens of male mouse reproductive tract
(Fig. 3B). Note that, although we obtained by RT-PCR the DNA2.0
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Fig. 3. Analysis of expression of NBCe1 variants by full-length cDNA cloning. A. RT-PCR
for full-length NBCe1-A-like variants in the reproductive tract tissues. B. RT-PCR for full-
length NBCe1-B/C-like variants in the reproductive tract tissues. Full-length cDNA was
ampliﬁed with nested-PCR using primes shown in Supplemental Table 2. H2O was used
as template for control. Panels A and B are the two halves of a same picture that was
acquired from one same gel.fragment encoding the NBCe1-A-like Nt from the uterus, vagina, and
vas deferens, we failed to obtain the full-length cDNA product from
these tissues. The explanation is that either the abundance of the full-
length NBCe1-A-like transcripts is too low to be detected by RT-PCR or
no full-length NBCe1-A-like transcripts are present in these cDNA
preparations.
The ~3.5-kb bands in Fig. 3were recovered from the gel, restrictively
digested, and then subcloned into the vector pGH19. Colony screening
and DNA sequencing were performed for the identiﬁcation of NBCe1
variants. In total, ﬁve NBCe1 variants—NBCe1-A through -E, of which
NBCe1-D and -E are novel—are identiﬁed from the mouse reproductive
tract tissues. Table 1 summarizes the colony frequency distribution of
theﬁveNBCe1 variants in the speciﬁed tissues. Note that, in the short Nt
variants (i.e., NBCe1-A and -D), NBCe1-A is identiﬁed from the ovary (6
over 6 colonies), testis (6 over 6 colonies), and epididymis (6 over 7
colonies), whereas NBCe1-D is identiﬁed just from the epididymis (1
over 7 colonies). In the long Nt variants (i.e., NBCe1-B, -C, and -E),
NBCe1-B is identiﬁed in all six studied tissues of themouse reproductive
tract, whereas only a few colonies of NBCe1-C and NBCe1-E are
identiﬁed in certain speciﬁc tissues. Our data demonstrate that NBCe1
variants have a complex expression proﬁle in the mouse reproductive
tract tissues, suggesting thatNBCe1 play important and complex roles in
mouse reproduction.
3.3. Identiﬁcation of a novel alternative splicing cassette in mouse Slc4a4
gene
Compared to the previously identiﬁed variants NBCe1-A/B/C, the
novel variants NBCe1-D (accession# HQ285250) and NBCe1-E
(accession# HQ204220) both contain a deletion of 27 nucleotides
(nt), which is at the 3′-end of exon 6 in the Slc4a4 gene. Lacking of this
27-nt sequence results in the deletion of a 9-amino-acid (aa) cassette I
(“RMFSNPDNG”) in the protein products.
Fig. 4A shows the exon structures—from exon 1 to exon 7—of the
transcripts of all ﬁve known NBCe1 variants. As shown in Fig. 4B,
omission of cassette I in NBCe1-D and -E arises from the alternative
splicingof exon6of themouse Slc4a4geneusinga cryptic splicingdonor
site “GT” (indicated by a solid triangle), which is 27-nt upstream of the
splicing site (indicated by an open triangle) for NBCe1-A/B/C.
Fig. 4C summarizes the diagramsof theﬁveNBCe1 variants. NBCe1-D
is identical to NBCe1-A except that NBCe1-D lacks the 9-aa cassette I,
whereas NBCe1-E is identical to NBCe1-B except that NBCe1-E lacks
cassette I.
3.4. Tissue distribution of SLC4A4 transcripts lacking cassette I in mouse
and other vertebrate species
Using primers ﬂanking cassette I of mouse Slc4a4 transcripts, we
performed nested RT-PCR analysis for the expression of Slc4a4
transcripts in the mouse tissues of brain, heart, kidney, liver (Fig. 5A),
spleen, skeletal muscle, as well as reproductive tract (Fig. 5B). A strongTable 1
Frequency distribution of NBCe1 variants in mouse reproductive tract tissues.
Splice
variant
Ovary Uterus Vagina Testis Epididymis Vas
deferens
Short Nt NBCe1-A 6/6 N/A N/A 6/6 6/7 N/A
NBCe1-D 0/6 N/A N/A 0/6 1/7 N/A
Long Nt NBCe1-B 15/16 5/6 7/7 5/6 9/13 7/7
NBCe1-C 0/16 0/6 0/7 1/6 1/13 0/7
NBCe1-E 1/16 1/6 0/7 0/6 3/13 0/7
Note: NBCe1-A and -D, both with short Nt, are identiﬁed from the “NBCe1-A-like”
products in the left half of Fig. 3. NBCe1-B, -C, and -E, all with long Nt, are identiﬁed
from the “NBCe1-B/C-like” products in the right half of Fig. 3. The ratios show the colony
frequency distribution of NBCe1-A or -D over the total short-Nt variants, or that of
NBCe1-B, -C, or -E over the total long-Nt variants screened for a speciﬁed tissue.
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Fig. 4. Alternative splicing of SLC4A4 transcripts and diagrams of NBCe1 variant proteins. A. Exon structure of SLC4A4 variants. The top panel shows the updated structure of
mammalian SLC4A4 gene from exons 1 to 7. The dashed lines in exons 4 and 6 indicate the alternative splicing site of the exons. The gray boxes represent the coding regions of exons,
whereas the open boxes represent the UTR of exons—including exons 1, part of 2, and part of 4. The boxes representing the exons are drawn to scale. Note that an NBCe1-B clone
(accession# AF069510) from human heart has a 5′-UTR different from those of NBCe1-C andmost other NBCe1-B clones. The 5′-UTR of this human heart NBCe1-B is derived from the
intron heading exon 2 in the human SLC4A4 gene. B. Alternative splicing of exon 6 of SLC4A4 gene. The solid triangle indicates the novel cryptic splicing site for NBCe1-D, whereas the
two open triangles indicate the boundaries of introns 6–7. C. Structural diagrams of NBCe1 variants. The diagrams were drawn to scale according to NBCe1-A (accession#
ADM25849.1), NBCe1-B (accession# NP_061230.2), NBCe1-C (accession# NP_001129732.1), NBCe1-D (accession# ADP37962.1) and NBCe1-E (accession# ADN95183.1). The
variable regions are indicated in different patterns, and the numbers in each box indicate the length of the variable regions. The shadowed boxes represent the regions identical in all
NBCe1 variants. The vertical dashed lines indicate the boundaries of the putative transmembrane domain TMD with Nt and Ct.
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Fig. 5. Expression of Slc4a4 transcripts in mouse tissues. A. Brain, heart, kidney, liver.
B. Spleen, skeletal muscle (SkM), female and male reproductive tract (RT). Nested RT-
115Y. Liu et al. / Genomics 98 (2011) 112–119band of 264 bp—corresponding to the fragment containing cassette I—
was obtained from all studied tissues. In addition, a faint band of
237 bp—corresponding to the fragment lacking cassette I—was visible
for some lanes (indicated by arrows), including the heart, liver, skeletal
muscle, aswell as female andmale reproductive tract.1 Our data suggest
that, in addition to the reproductive tract tissues, NBCe1 variants lacking
cassette I are also expressed—presumably in very low relative
abundance—in other mouse tissues.
Genomic DNA blast followed by a sequence alignment shows that
the cryptic splicing site in exon 6 of mouse Slc4a4 (Fig. 4B) is
conserved in the homologous exons of SLC4A4 orthologs from diverse
vertebrate species (Supplemental Fig. S1).
Indeed, an NBCe1-D-like clone has been cloned from the dog kidney
cDNA (N.Gupta andM.F. Romero, personal communication). A database
search in GenBank showed a full-length NBCe1-E clone from mouse
(accession# BC148292 [IMAGE:40110074]), a full-length NBCe1-E-like
clone from the possum ileum (accession #EU159119), and a full-length
zebraﬁsh NBCe1-E-like clone (accession# BC162559.1 [IMAGE:
9037954]) which lacks a 9-aa cassette I (“RLFSTPDNG”) compared to
the full-length zebraﬁsh NBCe1-B-like clone (accession# AY727858.1).
In addition, by a discontiguous megablast against GenBank
database with exons 6 plus 7 of human SLC4A4 as the query sequence,
we identiﬁed 11 EST sequences lacking cassette I (summarized in
Table 2). These EST sequences represent the transcripts of SLC4A4
orthologs of several vertebrate species in diverse tissues, including the1 Although hard to be seen in the pictures shown in Fig. 5, a very faint 237-bp band
was visible under UV illumination for the lanes of brain, kidney, and spleen, indicating
that NBCe1 variants lacking cassette I are also expressed in these tissues. These
observations are somewhat consistent with the following mentioned analysis with
nucleotide databases in GenBank, inasmuch as EST and/or cDNA sequences of NBCe1
lacking cassette I are identiﬁed in the brain and/or kidney of certain species.brain, kidney, and eyes. Of course, we also identiﬁed in GenBank the
cassette-I-containing EST sequences of the SLC4A4 orthologs for
virtually all these species (see footnote of Table 2).PCR was performed using e1-27F1 and e1-27R1 (Supplemental Table 3) as primers for
the ﬁrst round of PCR, and e1-27F2 and e1-27R2 (Supplemental Table 3) as primers for
the second round of PCR. NBCe1-A or NBCe1-D was used as the marker for the presence
or absence of cassette I. H2O was used as template for the ﬁrst round of PCR for control.
PCR products were separated by 12% native polyacrylamide gel electrophoresis. The
upper 264-bp bands represent the fragments containing cassette I, whereas the lower
237-bp bands represent the fragments lacking cassette I. The arrows indicate the
237-bp band in the lanes of tissues.
Table 2
EST sequences of SLC4A4 orthologsa lacking cassette I.b
EST sequences Species Tissues
BF789107.1c Mus musculus Kidney
DT240694.1, DT204795.1,
DT239261.1, DT193269.1,
DT205358.1, DT199503.1
Pimephales promelas Brain, mixed male and
female
DN737099.1 Gasterosteus aculeatus Brain, mixed male and
female
DN694745.1 Gasterosteus aculeatus Eyes, mixed male and
female
CX357009.1 Salmo salar Mixed tissues
CX795829.1 Xenopus (Silurana)
tropicalis
Brain
a Phylogenetic analyses (data not shown) indicate that the EST sequences shown in
the table are far more close to mammalian SLC4A4 than to SLC4A5 or to any other NCBTs,
suggesting that these sequences truly represent SLC4A4 orthologs.
b Although not shown in details, EST sequences representing cassette-I-containing
transcripts of SLC4A4 orthologs were also identiﬁed in GenBank for Pimephales promelas
(accession# DT357119.1), Gasterosteus aculeatus (accession# DW637910.1 and
CX841956.1), Xenopus (Silurana) tropicalis (accession #CX841956.1), and of course
for Mus musculus and more other species.
c This EST sequence encodes an NBCe1-D-like Nt.
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Fig. 6. ExonalignmentofmammalianNCBTgenes.ThehumanNCBTgeneswerealignedexon
by exon using the online program ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/)
with default settings. VR1–3: three variable regions. CR1–2: two conserved regions. To keep
theexonnumbering consistent for the conserved regions of allNCBTgenes,weuse7aor7b to
refer to the extra exons in VR2 of SLC4A5, SLC5A7, and SLC4A10. Exon 7a in SLC4A7 encodes
cassette II of NBCn1. Exon 7b in SLC4A10 represents insert A of NBCn2. Cassette I, which is
absent in SLC4A5, is shown in orange. The exons, but not the introns, are drawn to scale (scale
bar: 500 bp). TMD: exons encoding theputative transmembranedomain. The vertical dashed
line in exon 12 indicates the boundary of the putative Nt and TMD. The open boxes represent
the untranslated regions.
116 Y. Liu et al. / Genomics 98 (2011) 112–119Taken together, it appears that the SLC4A4 transcripts lacking
cassette I are widely expressed in diverse tissues in a broad range of
vertebrate species.
3.5. Exon alignment of mammalian NCBT genes
In other NCBTs, NBCn1 has been demonstrated to contain three
alternative splicing cassettes: I, II, and III [13]. Cassettes I and II are in
the Nt, whereas cassette III is in the Ct. NBCn2 contains two alternative
splicing units, the so-called insert A (in the putative Nt) and insert B
(see review [5]). Like the case of cassette I of NBCe1, cassette I of
NBCn1 is also produced by alternative splicing of exon 6 using a
cryptic splicing site [13].
We performed a comprehensive exon alignment for all NCBT
genes. As shown in Fig. 6, the exons encoding the putative Nt of NCBTs
comprise of three variable regions (VR1–3) as well as two conserved
regions (CR1–2). The exons in the conserved regions (shown in
green) are highly homologous among all ﬁve NCBTs.2 In the variable
regions VR1–3, exons 2, 3, 7, and 11 (shown in blue) are highly
homologous among SLC4A7, SLC4A8, and SLC4A10 encoding the three
electroneutral NCBTs. Exon 7a in SLC4A7 represents the alternative
splicing cassette II of NBCn1, and exon 7b in SLC4A10 represents the
alternative splicing insert A of NBCn2. The gray boxes in the variable
regions indicate the exons with no signiﬁcant similarity between any
two NCBT members. The 3′-half (yellow, 35 nt) of exon 7 (77 nt in
total) of SLC4A4 is well matched with the 3′-portion of exon 7 (56 nt
in total) of SLC4A5, inasmuch as 25 over 35 nt—including a
consecutive string of 14 nt—are identical in these two genes.
Our exon alignment shows that cassette I of NBCe1 is in a position
analogous to the cassette I of NBCn1. Moreover, our analysis indicates
that cassette I is also conserved at the 3′-end of exon 6 in SLC4A8 and
SLC4A10. Like the cases of SLC4A4 and SLC4A7, sequence alignment
shows that SLC4A8 and SLC4A10 both contain a potential cryptic
splicing site in 3′-end of exon 6. Thus, in theory, SLC4A8 encoding
NDCBE and SLC4A10 encoding NBCn2 are also able to produce
transcripts lacking cassette I. However, so far, no such variant has2 We deﬁne homologous exons using the combination of sequence identity (mostly
no less than 60%) and consistence in the exon length. The homologous exons mostly
have the same sequence length, with only minor variations, presumably due to
deletion/insertion mutation during the evolution. The length of exons 5 (161 nt), 8
(158 nt), and 9 (88 nt) are identical among all NCBT genes. Length of exon 4 (nt):
SLC4A4=133, SLC4A5=130, SLC4A7/10=139, SLC4A8=136; Length of exon 6:
SLC4A4=180, SLC4A5=153 (with deletion of cassette I), SLC4A7/8/10=189; Length
of exon10: SLC4A4/5=155, SLC4A7/8/10=147.been reported for NBCn2 or NDCBE. And no such EST sequence lacking
cassette I was identiﬁed for orthologs of SLC4A8 or SLC4A10 by our
discontiguous megablast against GenBank. It is intriguing whether
SLC4A8 and SLC4A10 do not produce transcripts with cassette I
omitted.
Note that the cassette I of SLC4A7/8/10 contain 39 nt, whereas that
of SLC4A4 has 27 nt only. SLC4A5—encoding NBCe2, the most closely
related member of NBCe1 in the SLC4 family—does not contain
cassette I either at the 3′-end of exon 6 or the neighboring regions
following exon 6 (Fig. 6). Exon 6 of SLC4A5 contains 153 nt, which is
27 nt—exactly the length of cassette I—less than exon 6 of SLC4A4. It is
likely that SLC4A5 has cassette I deleted during its evolution.4. Discussion
4.1. Expression and tissue distribution of NBCe1 variants lacking cassette I
In the present study, we identiﬁed a novel alternative splicing unit,
cassette I, in the mammalian SLC4A4 gene. In addition, from mouse
reproductive tract tissues, we identiﬁed two novel NBCe1 variants—
NBCe1-D and -E—which lack cassette I.
In addition to the mouse reproductive tract tissues, RT-PCR
analysis indicates that the Slc4a4 transcripts lacking cassette I are
also expressed in other mouse tissues, at least including the heart,
liver, skeletal muscle (Fig. 5). Our blast analyses against cDNA
database as well as EST database in GenBank show that the omission
of cassette I occurs in the transcripts of SLC4A4 orthologs of a broad
arrange of vertebrate species, such as frog, ﬁsh and some mammalian
species. These cDNA clones and EST sequences (see Table 2) were
identiﬁed from diverse tissues, such as the mouse kidney, possum
ileum, brain and eyes of ﬁsh or frog. In addition, an NBCe1-D-like
variant was cloned from the dog kidney (N. Gupta and M.F. Romero,
personal communication). Taken together, all these data are consis-
tent with the idea that NBCe1 variants lacking cassette I are broadly
expressed in diverse tissues of vertebrate species.
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As aforementioned in the Introduction, NBCe1 variants have two
extreme alternative Nt—due to transcription under the control of
distinct promoters [1]—and two alternative Ct due to alternative
splicing of exon 24 [2]. Thus far, three variations have been identiﬁed
in the SLC4A4 gene. In theory, the SLC4A4 gene can produce up to
8 (23=8) different products. Exon alignment shows that cassette I is
conserved in all NCBT genes except for SLC4A5, which likely has
cassette I lost during its evolution (Fig. 6).
Variations in NCBTs are physiologically important in three
perspectives. Firstly, expression of different NCBT variants is believed
to be tissue- and maybe cell-type speciﬁc. As far as NBCe1 is
concerned, in renal proximal tubules, NBCe1-A is localized at the
basolateral membrane of epithelial cells, where NBCe1-A mediates
Na/HCO3 efﬂux at an apparent stoichiometry of 1:3 and play a critical
role in HCO3− reabsorption by the proximal tubular epithelia [4,39,43].
In pancreatic duct, NBCe1-B is localized in the basolateral membrane
of epithelial cells, where NBCe1-B mediates Na/HCO3 inﬂux at an
apparent stoichiometry of 1:2 and plays a critical role in HCO3−
secretion by the pancreatic duct epithelia [20]. In the central nervous
system, NBCe1-B and -C are the predominant variants [2,28]. In our
case, ﬁve NBCe1 variants are identiﬁed from speciﬁed regions of
mouse reproductive tract tissues. Particularly, four different NBCe1
variants are expressed in epididymides.
Secondly, variations in NCBTs could affect the intrinsic activity of
the transporter. One example is NDCBE, which has four splice variants
identiﬁed. Parker et al. demonstrated that the unique 17 aa at the
extreme Ct of NDCBE-B/D has inhibitory effect in the functional
expression of the transporter in Xenopus oocytes [35]. Another well
characterized example is the short Nt of NBCe1-A versus the long Nt of
NBCe1-B/C. The unique portion of NBCe1-A Nt stimulates, whereas
the unique portion of NBCe1-B/C Nt inhibits the transport activity
[29], suggesting that the unique portion NBCe1-A Nt contains an auto-
stimulatory domain.
Thirdly, variable regions in NCBTs might contain functional
modiﬁcation sites and/or protein-interaction sites with binding
partners. The unique portion of NBCe1-B/C Nt contains a binding
site for IRBIT (AHCYL1), which is an IP3 receptor binding protein
released with an inositol 1,4,5-trisphosphate (IP3). The binding of
IRBIT can substantially enhance the activity of NBCe1-B [42]. A
preliminary study indicates that the alternative splicing cassette II of
NBCn1 has inhibitory effect in the functional expression of NBCn1 in
Xenopus oocytes [14]. Parker and Boron [34] showed that cassette II of
NBCn1 contains a binding site for calcineurin Aβ, a member of the Ca2
+-calmodulin-activated Ser/Thr phosphatase IIB family [26].
Using the online Protein Motif Search program at European
Bioinformatics Institute (http://www.ebi.ac.uk/Tools/ppsearch/), we
identiﬁed a potential casein kinase II (CKII) phosphorylation motif
“SNPD” in the cassette I of NBCe1. Similarly, we identiﬁed a
phosphorylation motif for protein kinases PKA/PKG in the cassette I of
NBCn1 (“KKHS”), NBCn2 (“KKQS”), and NDCBE (“KKQS”, see Supple-
mental Fig. S2). CKII [17] and PKA/PKG [37] are all serine/threorine
protein kinases. Therefore, the cassette I of NCBTs likely represents a
target site of Ser phosphorylation and is likely involved in the functional
regulation of these transporters.
A preliminary crystallization study of the NBCe1-A Nt has been
reported [18]. Unfortunately, the coordinates for the crystal structure
of NBCe1-A Nt are not available in the Protein Data Bank. Thus, it is not
possible to visualize the location of cassette I in the crystal structure of
NBCe1-A Nt. In a sequence alignment among the Nt of SLC4 family
members (see Supplemental Fig. S2), the cassette I of NCBTs falls
within a region of the Nt of human AE1 (SLC4A1). The crystal
structure [48] shows that this region in human AE1 Nt forms a hairpin
structure extending from the structural core (see Supplemental Fig.
S3). This hairpin structure contributes to form a binding site forankyrin [16], an adaptor protein to mediate the interaction of
transmembrane proteins with cytoskeleton [32]. It is intriguing to
speculate whether cassette I of NCBTs is also involved in the
interaction with binding partners, such as ankyrin.
4.3. NCBTs in mammalian reproductive tract tissues
As aforementioned in the Introduction, pH regulation and HCO3−
play critical roles in mammalian reproduction. Epithelial cells lining
the wall of reproductive tract employ complicated mechanisms to
maintain proper acid–base homeostasis in the luminal ﬂuid in
reproductive tract. However, the molecular mechanisms, i.e., the
transporters that are involved in the acid–base transport in repro-
ductive tract epithelia, largely remain unclear. In the present study,
we systemically examined, on the mRNA level, the expression of the
ﬁve NCBTs in the mouse reproductive tract tissues. We found that all
ﬁve NCBTs are expressed in the reproductive tract of male and female
mice. To our knowledge, we provide the ﬁrst evidence that NBCn2 and
NDCBE are expressed in the reproductive tract tissues of female and
male mouse. Moreover, we demonstrated that all ﬁve known NBCe1
variants are expressed in speciﬁed tissues in mouse reproductive
tract. Different NBCe1 variants are presumably expressed in speciﬁc
cell types to tailor their function in the reproductive tract tissues.
Note that, in the short-Nt variants (NBCe1-A/D), NBCe1-A was
detected more frequently than NBCe1-D (see Table 1). NBCe1-A and
-D were ampliﬁed using the same set of primers in the same set of
PCRs. The mRNAs encoding these two variants, which are more than
3.5 kb in length, are identical except for the presence or absence of
cassette I, a sequence of only 27 nucleotides. It is reasonable to assume
that each individual mRNA molecule encoding NBCe1-A or NBCe1-D
would be equally ampliﬁed under the speciﬁed conditions in our
study. Thus, the colony frequency distribution of NBCe1-A versus
NBCe1-D is an estimate of the relative abundance of the mRNA
encoding the corresponding variant. Thus, it appears that NBCe1-A is
dominant over NBCe1-D in the ovary, testis, and epididymis of the
mouse reproductive tract.
The same rationale applies to NBCe1-B/C/E. Thus, in the long-Nt
variants, NBCe1-B is dominant over NBCe1-C and NBCe1-E in the
mouse reproductive tract tissues. Note that it is not possible to
compare the relative abundance of NBCe1-A versus NBCe1-B since
they were ampliﬁed with different primer sets.
Substantial amounts of products were obtained for NBCn1 by just a
single round RT-PCR, whereas a nested RT-PCR—namely, ampliﬁca-
tion by two rounds of PCR—was required to obtain a reasonable yield
for the other NCBTs (Fig. 1). However, we are unable to compare the
relative abundance of mRNA levels of different NCBTs since the primer
sets, and thus the PCR conditions used to amplify different NCBT
members were not comparable in our present study.
4.3.1. Male reproductive tract
In human testes, SLC4A5 transcripts were detected by RT-PCR [40],
and SLC4A8 transcripts were detected in abundance by Northern
blotting [19]. Using a polyclonal antibody [41] directed against a
common region of the short Ct of NBCe1-A, -B, -D, and -E, Jensen et al.
[24] showed by immunocytochemistry that NBCe1 staining was
expressed in the basolateral membrane of principal and apical/narrow
cells of rat epididymis. In rat epididymis, NBCn1 expression was
shown by RT-PCR, immunoblotting, and immunohistochemistry [15].
Moreover, Pushkin et al. demonstrated that NBCn1 protein was
expressed in the apical membrane of some specialized cells, e.g.,
narrow cells in caput epididymis and clear cells in corpus and cauda
epididymis in rat [38]. In primary epithelial cell cultures from porcine
vas deferens, NBCe1 expression was detected by RT-PCR as well as
immunoblotting [8]. Moreover, by RT-PCR, the Schultz group
demonstrated that NBCe1-B-like variants were expressed in cultured
cell line of porcine vas deferens [9]. Full-length NBCe1-B was cloned
118 Y. Liu et al. / Genomics 98 (2011) 112–119by the same group from porcine vas deferens (see GenBank
accession# DQ020174). Investigators have demonstrated the pres-
ence of active HCO3− secretion by epithelial cells of human [7] and
porcine [8] vas deferens. In the present study, by full-length cDNA
cloning, we demonstrate the expression of NBCe1-B in mouse vas
deferens. Our data are consistent with the observations by the Schultz
group regarding the particular NBCe1 variant expressed in vas
deferens.
Based upon the above-mentioned observation by Jensen et al. [24],
Pastor-Soler et al. [36] proposed that NBCe1-A is localized in the
basolateral membrane in rat epididymis and hypothesized that, by
facilitating HCO3− extrusion into interstitial space, NBCe1-A contrib-
utes to luminal HCO3− uptake by the male reproductive tract epithelia.
However, the antibody used by Jensen et al. [24] was not able
distinguish NBCe1-A from NBCe1-B, -D, or -E since the antibody [41]
was directed against a common region of the short Ct of these NBCe1
variants. As we demonstrated in the present study, at least four NBCe1
variants expressed in the mouse epididymis. Thus, further immuno-
cytochemical studies with application of new molecular tools able to
distinguish different NBCe1 variants are necessary to determine the
speciﬁc NBCe1 variants expressed in particular cell types in the
epididymis.
By short-circuit currentmeasurement, Chan et al. [10] showed that
electrogenic Na+-dependent HCO3− secretion activity was present in
cultured rat epididymal epithelia and that this HCO3− secretion was
inhibited by adding 4,4-diisothiocyanatostilbene-2,2-disulfonic acid
(DIDS) to the apical membrane. Chan et al.'s observations suggest the
presence of an electrogenic Na/HCO3− cotransporter in the apical
membrane of epididymal epithelia. Apically localized NBCe2 [6]
mediates HCO3− secretion in the epithelia in choroid plexus of brain
[31]. In the present study, we provide evidence on the mRNA level
that NBCe2 is expressed in epididymis. It is intriguing if NBCe2 is
involved in HCO3− secretion by speciﬁc epididymal epithelia.
4.3.2. Female reproductive tract
In the present study, we demonstrated the distribution of NBCe1
variant transcripts in different regions of the female reproductive
tract. Our data showed that three NBCe1 variants—NBCe1-A, -B, and
-E, each with a particular distribution pattern—are expressed in the
female reproductive tract tissues. These observations indicate that
NBCe1 plays complex roles in HCO3− transport in the female
reproductive system. We also demonstrated that NBCe2 is expressed
in the female reproductive tract tissues, including the ovary, uterus,
and vagina. By using short-circuit current technique, Wang et al. [46]
demonstrated the presence of an electrogenic Na+-dependent HCO3−
transport activity across the cultured mouse endometrial epithelia.
This Na+-dependent HCO3− transport activity is partially inhibited by
adding DIDS to or removing Na+ from the basolateral solution.
Moreover, the authors detected by RT-PCR the transcripts of NBCe1 in
these cultured endometrial epithelia.
As far as the electroneutral NCBTs are concerned, Boedtkjer et al. [3]
demonstrated that—by using a LacZ gene under the control of NBCn1
promoter—the NBCn1 promoter is active in the uterus wall of female
mouse. This observation provided indirect evidence that NBCn1 is
expressed in the female reproductive tract. In the present study, we
provided direct evidence at the mRNA level that NBCn1 is expressed in
the female reproductive tract tissues, including the ovary, uterus, and
vagina. In addition, we demonstrated the presence of messages of
NBCn2 andNDCBE in these reproductive tract tissues of femalemice. To
our knowledge, our data are theﬁrst to show thatNBCn2andNDCBE are
expressed in the female reproductive tract tissues.
4.4. Physiological signiﬁcance
Several studies have shown that dysfunctions of HCO3− trans-
porters are associated with infertility or subfertility in both males andfemales. Genetic disruption of Slc4a2 gene, which encodes Cl−/HCO3−
exchanger AE2 of the SLC4 family, resulted in infertility in male mice
[30]. In patients including both female and male,cystic ﬁbrosis—
caused by mutations in cystic ﬁbrosis transmembrane conductance
regulator (CFTR), which is involved in HCO3− secretion in epithelial
cells of female reproductive tract [47]—is often accompanied with
infertility ([21]; for review, see ref. [11]). Höglund et al.[23] showed
that male subfertility is associated with patients carrying mutations in
SLC26A3, which has been shown to be associated with congenital
chloride diarrhea [22].
Joseph et al. [25] demonstrated that male mice deﬁcient in
estrogen receptor alpha (ESR1) are infertile. The authors found that
the expressions of NBCe1, carbonic anhydrase XIV and Na-H+
exchanger NHE3 (SLC9A3) are substantially decreased in the
epididymis of the ESR1-null mice compared to the control normal
mice. Therefore, the pH of luminal milieu of the epididymis of the
ESR1-null mice was signiﬁcantly higher than that of the control
normal mice, resulting in increase in intracellular pH and substantial
decrease in the motility of sperm from ESR1-null mice. The study by
Joseph et al. provides indirect evidence that, NBCe1—together with
carbonic anhydrase and NHE3—plays critical role in male reproduc-
tion by in regulating luminal pH of male reproductive tract.
In summary, our ﬁndings about the novel variants NBCe1-D and
NBCe1-E reveals a novel alternative splicing unit, cassette I, in the
SLC4A4 gene. It appears that NBCe1 variants lacking cassette I are
widely expressed in diverse tissues of mouse as well as other
vertebrate species. Genomic DNA analysis indicates that cassette I is
conserved in all NCBT genes except for SLC4A5 encoding NBCe2. The
fact that multiple variants of NBCe1 are expressed in the reproductive
tract suggests that NBCe1 plays important and yet complex roles in
mammalian reproduction. However, further studies, e.g., immunocy-
tochemistry with application of new molecular tools are necessary to
address the physiological function of different NBCe1 splice variants
in the reproductive tract system.
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